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ABSTRACT 
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Aims. We present the analysis of photometric, spectroscopic and morphological properties for differently selected samples of early- 
• ' type galaxies up to z = 1 extracted from the zCOSMOS-20k spectroscopic survey. This analysis intends to explore the dependence 
' of galaxy properties on the selection criterion adopted, to study the degree of contamination due to star-forming outliers and to 
Oh. provide a comparison between different commonly used selection criteria. This work is a first step to fully investigate the early-type 
galaxies selection effects for future massive surveys such as Euclid. 

Methods. We extracted from the zCOSMOS-20k catalog 6 different samples of early-type galaxies, based on morphology (2421 
"morphological" early- type galaxies) , optical colors (4894 "red-sequence" early- type galaxies and 4886 "UVJ" early- type galaxies), 
^ , specific star formation rate (2937 "sSFR" early-type galaxies), a best-fit to the observed spectral energy distribution (2603 "pho- 
I • tometric SED" early- type galaxies), and a criterion which combines morphological, spectroscopic and photometric informations 
■ (1530 "pure passive" early-type galaxies). We have studied for all the samples optical and infrared colors, morphological properties, 
specific star formation rates, and the equivalent widths of the residual emission lines; this analysis has been performed as a function 
^ , of redshift and stellar mass, to inspect further possible dependencies. 
00 ■ Results. We find that each early-type galaxies sample displays a certain level of contamination due to blue/star- forming/non-passive 
' outliers. The "morphological" sample is the one that presents the higher percentage of contamination, with ~20-70% (depending 
' on the mass range) of galaxies not located in the red-sequence, ~30-80% of galaxies with a specific star formation rate ~30 times 
higher than the adopted definition of "early-type", and significant emission lines found in the median stacked spectra, at least 
for log(A1/A^o) < 10.25. The "pure passive" sample is the purest, with a percentage of contamination in color <10% for stellar 
masses log(A^/A^Q) > 10.25, very limited tails in sSFR, and only up to a median value ~20% higher than the chosen "early-type" 
cut, and equivalent widths of emission lines mostly compatible with no star formation activity; however, it is also the less economic 
, criterion in terms of information used. Among the other criteria, we found that the best performing are the "photometric type" 
and the "sSFR", providing a percentage of contamination only slightly higher than the "pure passive" criterion (on average of a 
factor of ~2) but with absolute values of the properties of contaminants still compatible with a red, passively evolving population. 
We also find a strong dependence of the contamination on the stellar mass, and conclude that, almost irrespectively of the adopted 
, selection criteria, a cut at log(A^/A^0) > 10.75 provides a significantly purer sample in terms of star-forming contaminants. By 
$_( , studying the restframe color-mass and color-color diagrams we provided two revised definitions of early type galaxies based on 
these criteria, that better reproduce the observed bimodality in the properties of zCOSMOS-20k galaxies. 

The analysis of the number densities of the various samples shows evidences of mass-assembly downsizing, with galaxies at 
10.25 < log{M/A4Q) < 10.75 increasing their number by a factor ~2-4 from z — 0.6 to z — 0.2, by a factor ~2-3 from 2 = 1 to 
z = 0.2 at 10.75 < log{M/MQ) < 11, and by only ~10-50% from 2 = 1 to 2 = 0.2 at 11 < log{M/MQ) < 11.5. 

Key words, galaxies: evolution - galaxies: fundamental parameters - galaxies: statistics - surveys 
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1. Introduction 

Early-type galaxies (ETGs) represent a population of 
galaxies apparently simple and homogeneous in terms of 
morphology, colors, stellar populat ion content an d scaling 
relations (for a detailed review, see iRenzin 1 120061 and ref- 
erences therein), at least in the local Universe. 
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Historically, these galaxies have been firstly identified 
morphologically, but it was soon evident that the mor- 
phological dichotomy between early-type (elliptical) and 
late-type (spiral) galaxies was rooted more deeply, and 
that it reflected an intrinsic difference between two dis- 
tinct populations. It is now almost 50 years that is evi- 
dent that galaxy rest-frame colors show a clear bimodal 
distribution, both i n clus ters fe.g. iVisvanath a n fc Sandagei 
19771 iTuUv et al.l . 119821) as in the fi eld Jstrateva et al 



2001 



2004; 



Hogg et all. 120021: iBaldrv et al.L [200"4al lbl: iBeh et al.. . 
Franzetti et al.l |2007() . Later studies have shown a 



bimodality al s o in many other gal axy parameter s: Ha 
(jBalogh et all . \2004) a nd [OH] ((Mignoh et al.l, I2009D emis- 
sion, 4000 A break (iKauffmann et all. |2003[) . star for- 
mation histo ry (Bri nchmann et al.l . |2004| ). and clustering 
dM 

eneux et a l.. 2006). A similar bimodality has been found 
also in the galaxy stellar mass function, showing that 
ear ly-type galax i es are the mo s t mas sive galaxies at z 
(|Baldrv et al.l . l2004aL l2006l I2008D and dominate the 
massive end o f the stellar mass function up to z ^ 1 
(jPozzetti et al.l . [TOlO). 

The properties of ETGs make them the ideal candidates 
to probe, together with galaxy formation models and the- 
ories, also cosmology. These galaxies have been found to 
have a stron ger clustering with r espect to late-type galax- 
ies (e.g. see IZehavi et al.l l2011l and references therein), 
providing a better tracer to the structure of underlying 
matter. This population of galaxies has been proposed 
also to be used as "cosmic chronometers", able to trace 
the differential age evolution of the Universe as a func- 
tion of redshift (jJimenez et al.l . 120021 ) and to provide inde- 
pendent and precise meas urements of t he Hubble param- 
eter Hjz) up to z 1.5 (ISimon et all 120051: IStern et all 
120101: IM oresco et al.l . l2012af) . This measurements have been 
demonstrated to be an innovative an d complementary tool 



to coii s train cosmolo g ical p a rameters (iMoresco et a 



2012bt Imng et al.L 12011 iRiemer-Sarensen et al 



2011 



201.1 



Aviles et al.l . l2013HSaid et all . 120131 1 

A powerful tool to study the evolution of a galaxy pop- 
ulation is to analyze how evolves its number density as a 
function of redshift, since it can give ideas of the processes 
and characteristic time-scales involved. The number den- 
sity of ETGs has been deeply studied by many authors, 
and there is a general agreement that, while there is a 
strong evolution for less massive galaxies, the number den- 
sity of log(.M/. Mf7^) > 11 ETGs is almost unchanged frorn . 
z ~ 1 to z ^ (jScarlata et aD. 120071: iPozzetti et al.l.l201C : 



Brammer et al.'. '2011': 'Maras ton et al.l . l2012t Ilbert et al 
2013; Moustakas et al. , 2013) , and this has been interpreted 
as an evidence that this population of galaxy is already in 
place since z ~ 1. 

From all these observational evidences, a formation and 
evolution scenario for this population of galaxies has been 
developed, for which early-type galaxies represent the red- 
dest galaxy population, are the oldest among all galaxy 
types, they are often passively evolving and show also the 
strongest clustering, tending to inhabit the densest envi- 
ronments. 

Based on this scenario, recently all these properties are 
often used without a clear distinction, and "red", "quies- 
cent" , and "old" are erroneously used as synonyms. Surely, 
as discussed above, the bimodality in many galaxy proper- 
ties highlights that red galaxies are mostly quiescent and 
passively evolving; however, a detailed and quantitative es- 



timate of the contamination due to blue/star- forming out- 
liers should be made before doing a one to one correspon- 
dence. Franzetti et al. (2007) pointed out such possible con- 
tamination when studying a color-selected sample of ETGs, 
concluding that selecting galaxies only on the basis of their 
colors can be misleading in estimating the evolution of old 
and passively evolving galaxies. 

In this paper, we want to extend this analysis, and study 
the effect of different ETGs selection criteria on their prop- 
erties, and the level of contamination due to star-forming 
non-passive outliers. In Sect. [2] we will present our data, 
and how the different ETGs samples have been selected. In 
Sect. 121 the color, spectroscopic and morphological analy- 
sis will be presented. In Sect. |4] we will quantify how much 
each sample is contaminated by the presence of blue/star- 
forming outliers, and how this contamination depends on 
the stellar mass and on the adopted selection criterion. We 
will also analyze the number densities of the various sam- 
ples, and compare them to check for differences and provide 
insights about the characteristic processes involved. Finally, 
we will also present two revised color-mass and color-color 
ETG selection criteria, aiming to reduce the contamination 
by blue star-forming galaxies. 

This study will be intere sting in the view of m any out- 
commg surveys (e.g. Euchd. ILaureiis et al.l [20Tll) . since it 
provides a comparison between different methods of select- 
ing early-type galaxies, quantifying the purity of the sample 
as well as the cost in terms of information needed. 

Throughout the paper, we adopt the cosmological pa- 
rameters Ho = 70 km s"^ Mpc"\ f^™ = 0.25, flA = 0.75. 
Magnitudes are quoted in the AB system. 

2. Data 

2.1. The sample 

The COSMOS Survey (|Scoville et al.l . l2007h has imaged a 
field of '--^ 2 deg^ with the Advanced Camera for Surveys 
(ACS) with single-orbit I-band exposures to a depth Iab — 
28 mag and 50% compl eteness at Iar = 26.0 mag for 
sources 0.5" in diameter ([Koekemoer et al"] . l2007l ). 

The analysis presented in this p aper is ba, s ed on 
the zCOSMOS spectroscopic survey (jLillv et al.l . I2007L 
j2002). This ESO Large Programme (~ 600 hours of 
observations) was aiming to map the COSMOS field 
with the Visible M uhi-Object Spectrograph (VIMOS, 
iLe Fevre et al.l . l2003f) . mounted on the ESO Very Large 
Telescope (VLT). Our sample has been ext racted from the 
zCOSMOS 20k bright sample (iLillv et al.l . 12009V The ob- 
served magnitudes in 12 photometric bands (CFHT u* , K 
and H, Subaru Bj, V>, g+ , r+, i+ , and z+, UKIRT J 
and Spitzer IRAC at 3.6 /xm and 4.5 /im) have been used 
in order to derive reliable estimates of galaxy parameters 
from the photome tric SED-fitting. Th e photometric cata- 
log is described in (jCapak et al.l . l2007h . Following their ap- 
proach, magnitudes were corrected for Galactic extinction 
using Table 11 of Capak ct al. (2007) and the photometry 
was optimized by applying zeropoint offsets to the observed 
magnitudes to reduce differences between the observed and 
reference magnitudes computed from a set of template spec- 
tral energy distributions (SEDs). The spectra have been 
obtained using the VIMOS spectrograph mounted at the 
Melipal Unit Telescope of the VLT at ESO's Cerro Paranal 
Observatory, with a medium resolution grism (i? w 600) 
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with a slit width of 1 arcsec; the spectral ranges of the obser- 
vations are typically 5550 — 9650 A. The data have been re- 
duced with VIMO S Interactive Pipeline G raphical Interface 
software fVIPGI. IScodeggio et all 20051) ^ and the redshift 
measured with EZ software ( Garilli et al.ll2010l) with a high 
success rate (~ 9 5% in the redshift range 0.5 < z < 0.8, 
iLillv et all . l2009t) . The lines measurements have be en per- 
forme d using the program Platefit (see .Lamareille et al.l . 
l2006l for further details) . After removing the spectroscopi- 
cally confirmed stars, the broad-line AGNs, and the galaxies 
with an insecure redshift measurement (zflag < 1-5) we end 
up with a parent sample of 17431 galaxies. 

The stellar masses (M) and Star Formation Rates 
(SFR) were estimated for the entire sample by performing 
a best fit to the SEDs, using the observed magnitudes in 12 
photometric bands from u* to 4.5/xm. A grid of theoretical 
models has been buih from lBruzual fc Charlod (|2003 ') stel- 
lar population synthesis models (hereafter BC03), adopt- 
ing an exponentially declining star formation history (SFH) 
with T = 0.1, 0.30.6 1,2,3,5 1 0, 15 30 Gyr, a Chabrier ini- 
tial mass function (jChabrieii I2003D , a solar stellar metal- 
licity and a Calzetti extinction law (" Calzetti et al.l . 120001 ) 
with < Ay < 3. Absolute magnitudes and colors were 
evaluated using the ALF sofl^ ware following the method de- 
scribed in 'Zucca et al.l (|2009[ ) . The specific Star Formation 
Rate (sSFR) has been defined as the ratio between the star 
formation rate and the stellar mass, sSFR — SFR/A^. 

2.2. The selection criteria 

Different selection criteria have been proposed so far to se- 
lect early- type galaxies. This population is usually identi- 
fied as spheroidal (E/SO) galaxies with old stellar popula- 
tion, no (or negligible) star formation, and a passive evo- 
lution as a function of cosmic time. We exploit here six 
different definitions, which are described below. These cri- 
teria have been chosen not to be too restrictive, because 
otherwise we would have a really bad completeness, but 
at the same time to minimize the contamination by blue, 
star-forming objects. 

- "morphological" ETGs. The Ziirich Estima tor of 
Structural Types (ZEST; IScarlata et all l2007t) esti- 
mates the morphological type of galaxies with a combi- 
nation of a principal component analysis (PCA) of five 
nonparametric diagnostics of galaxy structure (asym- 
metry, concentration, Gini coefficient , second-order mo- 
ment of the brightest 20% galaxy pixels, and elliptic- 
ity) and of a parametric description of the galaxy light 
(the exponent of a single-Sersic fit to the surface bright- 
ness distribution). This estimator has been applied to 
the full zCOSMOS-20k sample, providing morphological 
measurements for all the galaxies. Following this classi- 
fication, we selected 2421 ear ly-type (elliptical) ga laxies 
matching an E morphology fScarl ata et al. , 12007 ). 

- "UVJ" ETGs. Following iWilliams et al.l (|2009t ). we 
extracted a sample of ETGs on the basis of a restframe 
color-color diagram, defined as: 

{U - y),est > 0.88 X{V- J)rest + 0.69 [0 < z < 0.5] 

{U - V),,st > 0.88 x{V- J),est + 0.59 [0.5 < z < 1] 

with the additional constraints of {U — V^)rcst > 1-3 and 
(y — J)rcst < 1-6. With these cuts, we selected 4886 
galaxies. 
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Fig. 1. Redshift distribution (upper panel) and stellar mass 
distribution (lower panel) of the entire zCOSMOS-20k sam- 
ple, and of the different ETGs sample. In violet is shown the 
"morphological" ETGs, in blue the "UVJ" ETGs, in cyan 
the "red-sequence" ETGs, in yellow the "sSFR" ETGs, in 
orange the "photometric SED" ETGs, and in green the 
"pure passive" ETGs. 



- "photometric SED" ETGs. Illbert et al.l (I2009D em- 

ployed a set of templates, gener ated by 'PoUett aet all 
{2003) with the code GRASIL (jSilva et al... .1998[) . to 
fit the VIMOS VLT Deep Survey (VVDS) sources 
ijLe Fevre et al.l . |2005( ) from the UV-optical to the mid- 
IR. Therefore, this set of templates provides a better 
joining o f UV and m id-IR than those previously pro- 



po sed bv (Illbert et al. ^ 2006i) . The nine galaxy templates 



of iPolletta et Zl (|2007D include three SEDs of ellipti- 
cal galaxies and six templates of spiral galaxies (SO, Sa, 
Sb, Sc, Sd, Sdm). Twelve additional templates obtained 
from BC03 models with starburst ages ranging from 
3 to 0.03 Gyr are also added, to better represent the 
data. Finally, the templates were linearly interpolated, 
obtaining a total set of 32 templates. These templates 
were used to estimate photometric types from a best- 
fit to the observed photometry without additional dust 
extinction. With this method, we selected 2603 galaxies 
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best-fitted with an early-type template (i.e. SED-type 
from 1 to 8). 

— "red- sequence" ETGs. In their analysis. iPeng et al.l 
(|2010( ) defined a color-mass relation calibrated on SDSS 
and zCOSMOS-lOk data, dividing red-sequence from 
blue-cloud galaxies. This relation takes also the redshift 
evolution into account and is a weak function of mass. 
Following their approach, 4894 red and passive galaxies 
have been selected on the basis of the following dividing 
rest-frame {U — B) color. 

M 

{U - B),,st > 1.10 + 0.075 X Zo5(_^^-^) - 0.18 x z 

— "sSFR" ETGs. F ollowing lllbert et al.l (|2010t ) and 
iPozzetti et al.l ()201Cl[ ). we selected 2937 quiescent galax- 
ies on the basis of their specific Star Formation Rate, 
adopting th e cut l og(sSFR) < —2 [Gyr~^]. As shown by 
lllbert et al] (|201Cl[ ). this cut corresponds almost directly 
to a cut (NUV — r+)teinpiato > 3.5 with which they de- 
fined their sample of quiescent galaxies. With this se- 
lection criteria, we select galaxies which are increasing 
their mass at a rate less than 1/ 100th of their present 
mass. 

— "pure passive" ETGs. To obtain a reliable sample, 
the less biased as possible for the presence of star- 
forming contar ninants, we decided to follow the ap- 
proach used in iMoresco et al.l ()201Cll ) . From the parent 
sample, 1530 ETGs have been extracted by combining 
photometric, morphological and optical spectroscopic 
criteria: galaxies have been chosen with a best-fit to the 
SED matchi ng a local E-SO tem plate (using the CWW 
templates of' llbert et al.l . [20061 ). weak/no emission lines 
(EWo([OII]/Ha) < 5 A), spheroidal morphology, and 
an observed {K — 24/im) color typical of E/SO local 
galaxies (i.e. [K — 24/im) < — 0.5); for further deta ils 
about the sample selection, see IMoresco et al.l ()2010[ ). 

Other standard definitions involve for example dif- 
ferent set of templates to perform a best-f it match to 
the o bserved SED (CWW photometric types, lllbert et all . 
l2006f) or different cuts in the observed colors, as for the 
case of Luminous Red Galaxies (LRG, lEisenstein et al.l . 
200 it) and Barvon Os ciUation Spectroscopic Survey (BOSS, 
Schlegel et al.l . I2OO90 samples. We checked, however, that 
the performances of these criteria are much worst than the 
ones of the other samples selected in our analysis in the 
selection of a pure sample of ETGs. In particular, LRGs 
and BOSS ETGs selections were optimized for the specific 
properties of those surveys, and can not str aightforwardly 
be app lied to zCOSMOS survey; we refer to lMasters et al.l 
()2011| ) for a discussion of the contamination by late-type 
morphological types of BOSS galaxies. 

In Fig. [T] we show the redshift and mass distribution 
of the various ETGs samples. Each sample has been fur- 
ther divided into 6 subsamples, having considered sep- 
arately two redshift ranges (z < 0.5 and z > 0.5) 
and three mass ranges (low-mass log(7W/7Wo) < 10.25, 
medium-mass 10.25 < \og{M/MQ) < 10.75, and high- 
mass \og{M/MQ) > 10.75), to be able to discern the de- 
pendencies on mass and redshift. 

In Tab. |T] we report the number of galaxies obtained 
with the different selections, as well as the percentage over- 
lap between the various samples. As expected, the overlap 



between samples obtained different selection criteria is of- 
ten partial, suggesting that they have different properties. 
In particular, we notice that there is a small overlap be- 
tween all samples and the morphologically-selected sample, 
indicating that a large fraction of ETGs selected on colors - 
or more generically on photometric properties - do not have 
an elliptical morphology (see Sect. 13.31) . The overlap is also 
small when considering how many morphologically-selected 
ETGs are found in the other samples, indicating that a not- 
negligible fraction of ellipticals have blue colors. The over- 
lap is, instead, larger when considering the other samples. 
The "red-sequence" and "UVJ" samples provide an almost 
identical number of galaxies, and show a similar reciprocal 
overlap of ~ 80%; however, as we will see in the follow- 
ing section, they have different photometric properties. The 
fraction of ETGs overlapping with the "red-sequence" sam- 
ple is above ~80% irrespectively of the selection criterion 
considered, but this is probably due to the higher number of 
galaxies of that sample. What is more interesting is to con- 
sider the fraction of ETGs included in the "sSFR" sample: 
the overlap with the "photometric SED" and the "pure pas- 
sive" ETGs samples is above above ^^85%, which testifies 
a quiescent star formation activity. Instead, for the "red- 
sequence" and the "UVJ" samples the overlap is ^60%, 
indicating that almost half of that sample have a higher 
star formation activity.The last remark is about the "pure 
passive" criterion, which presents a small overlap with all 
the other samples: this is partly due to the smaller number 
of galaxies included in this sample, and partly because this 
is the only sample comprising also a spectroscopic cut (see 
Sect. (33 . 

3. The analysis 

As already discussed, the early-type galaxies population 
is rather homogeneous in colors, star-formation activity 
and morphology. We therefore decided to inspect in details 
different properties, to study how their global properties 
change for the differently selected ETGs. 

3.1. Color properties 

The primary observable, apart from the morphology, which 
we decided to examine is the color of the differently selected 
ETGs. We decided to study both the standard {U — B)^est 
color-mass and {U — V^)rest-(V — J)rost color-color plots, 
and an IRAC col or-color diagram as firstly introduced by 
iLacv et al.l ([2004'). 

The (J7 — i?)rost-mass diagram is shown for both redshift 
ranges (z < 0.5 and z > 0.5) in Fig. [2] The gray hatched 
area represents the region which falls outside what is con- 
sidere d being the red-sequence, as defined by iPeng et aD 
(|2010l ) and previously reported. The clearest evidence is 
that most samples lie as expected in the red-sequence re- 
gion; this is not surprising, since most selection criteria are 
based (or partially based) on an optical-color selection. For 
the morphologically selected ETGs, we found a confirma- 
tion of what deduced from Tab. [U i.e. that this sample 
is contaminated by the presence of a not negligible tail of 
galaxies with blue {U — B)rest colors ('--^15-85%), both at 
high and low redshifts. Quite surprising is the tail of "UVJ" 
ETGs with blue color, which even forms a second peak in 
the {U — B)rcst distribution at z < 0.5 (as shown in Fig. 
12]). This tails are due to the fact that the cut proposed 
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Table 1. ETGs samples overlap depending on the different selection criteria adopted, and number of galaxies (in 
boldface). Each box gives the percentage of galaxies of a particular sample (specified by the row's name) found in 
another sample (specified by the column's name). The last column reports also the percentage number of each sample 
with respect to the parent zCOSMOS-20k sample of 17431 galaxies. 



bv lWilliams et all ()2009[ ) do not perfectly fit the observed 
bimodality in the UVJ diagram of the zCOSMOS-20k sam- 
ple. 

The (U — V\c&t-{y — J)xc&t diagram provides a com- 
plementary information with respect to the color-mass di- 
agram. As in the previous plot, we notice that the "pure 
passive" , the "sSFR" , and the "phot ometric SEP" samples 
well fit the passive region defined bv lWilliams et al.l ()2009[ ) 
and identified by the non-hatched region of Fig. [31 we also 
observe as before the quite prominent tail of "morphologi- 
cal" ETGs with quite blue colors. Less expected is the fact 
that the "red-sequence" ETGs display a non negligible frac- 
tion of galaxies which do not fit perfectly the passive UVJ 
region. We will further discuss the issue of the different be- 
havior of "red-sequence" and "UVJ" galaxies in Sect. 14.51 

The IRAC observed color-color plot is more interest- 
ing, since these colors less directly (or not at all) influence 
the various selection criteria, and are therefore a better in- 
dic ation of how muc h the samples are biased. As defined 
bv lLacv et all (|2004[ ). we plotted the 8.0 /xm/4.5 /xm ratio 
against the 5.8 /zm/3.6 /im ratio in Fig. 2] This plot was ini- 
tially introduced to identify AGN candidates, which should 
lie in the region ide ntified by the dotted lines. More re- 
cently, [Donle^!iE!2l (2012) revised this selection criteria to 
reduce the contamination by normal star-forming galaxies, 
by narrowing the region were the AGN candidates should lie 
(the area identified by the dashed lines) . In their work, they 
also studied the predicted z = — 3 IRAC colors of different 
templates as a function of the AGN fraction, considering a 
star-forming template, a starburst, a normal star-forming 
spiral galaxy, and an elliptical galaxy. By analyzing the 
tracks of the elliptical galaxies, we found that they occupy 
a very specific region of the IRAC color-color diagram, i.e. 
log[S^,QlS^,^) < -O.lnlogiS^.s/Sss) < -0.1, at least up 
to z 2; this region is indicated as the non- hatched re- 
gion of Figure H) From this plot it is evident that in both 
redshift ranges most of the samples are well located in a 
clump inside the region just defined; however, differently 
from the color diagrams, there are more pronounced tails 
outside this region. At z < 0.5 almost all samples have show 
a very significant vertical tail with blue colors in >S'5.8/S'3.6 
and red colors in S'8.o/'5'4.5, which is a region in which low- 
reds hift star-forming gal axies lie (for a comparison, see Fig. 
2 of iDonlev et~all . l2012fl . Differently, for z > 0.5 the tails 
move toward red colors in both S's.s/'S'a.e and S'8.o/<5'4.5. 
Ev en if they fa l l insid e the AGN-candidates region defined 
bv iLacv et al.l (j2004D . it is very likely that most of these 
galaxies are higher-redshifts star -forming gala x ies, a s can 
be found following the tracks of iDonlev et al.l (|2012t l. On 



the contrary, the morphologically selected ETGs display a 
clear tai l exactly in the mor e restrictive AGN-candidate re- 
gion of iDonlev et al.l (|2012D . so it is likely that at least a 
fraction of these galaxies are actually AGN. This is con- 
firmed also by the spectroscopic analysis (see Sect. 13. 2|) . 
with spectra characterized by clear AGN features. 

3.2. Spectroscopic properties 

The spectroscopic properties of the galaxies have not been 
used (except in the "pure passive" criterion) to select 
ETGs: therefore they may provide interesting insights con- 
cerning the contamination of the various samples. We de- 
cided to look at the restframe equivalent widths of [Oil] 
and Ha lines, since they are well-known indicators of star 
formation activity. Given the wavelength coverage of zCOS- 
MOS spectra, the two lines are not present in both redshift 
ranges: in particular Ha line is observable at z < 0.5, while 
[Oil] is observable at z > 0.5. These lines will be compared 
with another indicator of star formation, the sSFR, which 
provides the relative contribution of the star formation rate 
by weighting it with the total stellar mass of the galaxy. 

Figure [5] shows log(sSFR/Gyr~^) versus EWo(Ha) (up- 
per panel; z > 0.5) and EWo([OII]) (lower panel; z < 0.5). 
As expected, there exists a correlation (even if with a large 
dispersion) between the sSFR a nd the equivalent widths 
of [Oil] and Ha emission lines. Illbert et al.l (|2010t l. aim- 
ing to study the galaxy stellar mass assembly by mor- 
phological and spectral type in the COSMOS field, iden- 
tified as quiescent galaxies those with a dereddened color 
(NUV — r"*") > 3.5, and conseque ntly a specific s tar fo rma- 
tionratelog(sSFR/Gyr-i) < -2. lMignoli et all (|2009[ ). an- 
alyzing the zCOSMOS sample, found that strong and weak 
line emitters can be well divided by an EWo([OII]) = 5 
A. Combining these informations, we therefore identified 
log(sSFR/Gyr-i) < -2 n EWo(Ha or [OH]) < 5 A as the 
region characteristic of early-type galaxies in this plot (the 
non-dashed area). 

The "sSFR" and the "pure passive" ETGs samples 
present, by definition, no tail at high sSFR and EWs respec- 
tively. From the plot, we find that instead the color-selected 
samples ("UVJ" and "red-sequence") and the "morpho- 
logical" selected sample display a marked percentage of 
galaxies placed at both high sSFR and EWs, both at low 
and high redshifts. While it is not straightforward the 
interpretation of intermediate values of emission lines in 
terms of star formatio n (see for example Yan ct al., 200^ 
lYan fc Blantonl . |2012[ ). especially in the presence of a low 
level of sSFR, the concomitant higher level of sSFR clearly 
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Fig. 2. ([/ — S)icst-niass diagram. In gray the entire zCOSMOS-20k sample is shown, in violet the "morphological" ETGs, 
in blue the "UVJ" ETGs, in cyan the "red-sequence" ETGs, in yellow the "sSFR" ETGs, in orange the "photometric 
SED" ETGs, and in green the "pure passive" ETGs. The upper plot shows the {U — i?)rcst-niass diagram obtained for 
z < 0.5, and the lower plot shows the diagram obtained for z > 0.5. The gray hatched area represent the region which 
falls outside the "passive" region of the {U — i?)rest-inass diagram, as defined in Sect. 
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indicates a higher level of star formation with respect to 
the bulk of the population, which lies in the "early-type" 
region defined above. 

We have also analyzed the stacked median spectra 
of all samples. In order to disentangle mass and red- 
shift effects, in Fig. [S] we have plotted only the median 
spectra for the low- {\og{M/MQ) < 10.25) and high-mass 
(log(A^/A^0) > 10.75) subsamples, in the low- and high- 
redshift regimes. The "morphological" ETGs present the 
strongest emission lines, especially at low masses: at high 
redshift, strong emission lines in [Oil], H/3, [OIII] are found; 
at low redshift, the measured ratios between [NII]A6583/Ha 
and [OIII]A5007/ H/3 populate the star-forming regio n in 
the BPT diagram (jBaldwin. Phillips fcTerlevichlll98l[ ). in- 
dicating a significant star formation in particular if we 
consider that we ar e analyzing median spectra (see also 
iPozzetti et aI1 . l2010[ ). 

All the other samples show spectra with more typical pas- 
sive continua, with the presence of faint emission lines in 
[Oil] and Ha only for the "UVJ" and "red-sequence" ETGs 
samples. At high masses, we find no traces of significant 
emission lines, and all the spectra show features and con- 
tinua typical of passively evolving galaxies; this indicates 
a possible mass dependence that will be further analyzed 
in Sect. 14.21 In particular, we notice a small [Oil] emission 
lines in most spectra at high redshifts, which, however, is 
com patible wit h not b eing caused by st ar formation activity 
fsee lYan et all . l2006t lYan fc BlantOTl l2012l , and the dis- 
cussion of Sect. 14. ll) . At low redshift, we note that all spec- 
tra present a detectable [Nil] line (and often also [SII]), but 
no sign of Ha, probably due to the fact that the Ha emis- 
sion line is hidden by the corresponding absorption line. 



3.3. Morphological properties 

To study in details the morphological properties of the 
differently sele c ted E TGs, we have analyzed the ZEST 
(jScarlata et al.l . I2OO70 types of the various samples. While 
for almost all the samples a large fraction of galaxies have 
an E/SO morphology (a clear example is shown in Fig. [7]), 
there is however a significant fraction - which depends on 
the adopted selection criteria - of galaxies with clearly spi- 
ral/irregular morphologies (see Fig. [5]). The fact that all 
the samples are contaminated by late-type morphologies is 
a consequence of the fact that even if it is evident the cor- 
rispondence between the bimodality in photometric prop- 
erties and in morphological types, the color and the mor- 
phological transformation are two distinct processes taking 
place at different times in the life of a galaxies. 

This result confirms what fou nd with indep e ndent 
methods by other analyses (e.g. see iPozzetti et al.l . l2010t 
lllbert et al.Ll2010l ). i.e. that the morphological transforma- 
tion from late-type to early-type galaxies is a process which 
intervenes on different time-scales than the color transfor- 
mation, so that it is likely for a galaxy, even if it has al- 
ready stopped its star formation activity, still not to have 
an elliptical morphology. Therefore, differently from other 
properties, it is improper to consider those galaxies as star- 
forming contaminant, and the presence of morphologically 
late-type galaxies will be considered separately. 




Fig. 7. Examples of ACS morphology for a subsample of 
the "pure passive" ETGs with elliptical morphologies. The 
galaxies are shown at increasing redshift from upper-left to 
lower-right, from z = 0.0791 to z = 0.9302. 




Fig. 8. Examples of ACS morphology for a subsample of 
the "pure passive" ETGs with very late-type morphologies, 
found for less than 10% of the overall sample. The galaxies 
are shown at increasing redshift from upper-left to lower- 
right, from z = 0.0998 to z = 0.834. 

4. Results 

To estimate which criterion is better in defining an ETGs 
sample the less biased as possible, we estimated the level of 
contamination by examining different observables, consid- 
ering colors, sSFR, spectroscopic features and visual mor- 
phology. Of course, as anticipated before, these criteria 
should not to be too restrictive, because otherwise we will 
trade purity for a really bad completeness. 

By definition, the less contaminated criterion will be the 
"pure passive" , using all the possible information available 
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for these galaxies. However, in the context of many galaxy 
surveys, it is of utmost interest also to identify a sample 
which is at the same time the most economic as possible 
(in terms of information used) and less biased as possible 
(in terms of star- forming outliers) . To carry on this analy- 
sis, it will be necessary not only to consider the percentage 
of contaminants present in each sample, but also their ab- 
solute values, and the dependence on the redshift and on 
the stellar mass of the contamination. 

4.1. Study of the contamination 

The criteria adopted to define a contaminant are comple- 
mentary to the ones used to select the various ETGs sam- 
ples, and are described below: 

— blue {U — B)rest colors: 

M 

{U-B),,,t < 1.10-1-0.075/05(^^^^5^) -0.18 2 

— non passive UV.J colors: 

{U~V),ast < 0.88x(y-J)rest+0.69 [4-0.59 for z > 0.5] 

U ([/ - y)rcst < 1.3 U {V- J),est > 1.6 

— high sSFR: 

log(sSFR) > -2 [Gyr-i] 

— non passive IRAC colors: 

logiSs.o/Si.^) > -0.1 



9.5 10 10.5 11 10 10.5 11 




log(M/Mj 



Fig. 9. Median {U — i?)rGst color (upper panel) and rela- 
tive percentage (lower panel) as a function of stellar mass 
of galaxies with blue colors, i.e. {U — i?)rest < 1.10-1- 
0.075 /off( ^Qi^^ )— 0.18 z, for the different selection criteria 

(in violet the "morphological" ETGs, in orange the "photo- 
metric SED" ETGs, in cyan the "red-sequence" ETGs, in 
yellow the "sSFR" ETGs, in blue the "UVJ" ETGs, and in 
green the "pure passive" ETGs). The errorbars represent 
the error on the median. 



U log{S5.s/S3.6) > -0.1 

— presence of emission lines: 

EWo(Ha) > 5 A (if z < 0.5) 
or EWo([OII]) > 5 A (if z > 0.5) 

— non- elliptical morphology: ZEST type later than E. 

For each mass- and redshift-subsample of the various 
ETGs samples defined in Sect. 12.21 we estimated the median 
{U — -B)rest color, sSFR, IRAC colors, restframe equivalent 
width of Ha ([Oil] for z > 0.5) and morphology of the just 
defined contaminant, and the percentage of contamination 
relative to each subsample. These values are reported in 
Tab. [2 

As discussed above for the morphology, also the spec- 
troscopic properties would be worth a dedicated discus- 
sion, since it is not straightforward that a weak [OH] or 
Hg emission line is symptomatic of star -formation activity 
(|Yan et all l2006HYan fc Blantonl [20121) . However, for sim- 
plicity we will address as contaminant a galaxy having any 
of these properties considered non standard for an early 
type, and examine each one individually. 

For each considered property, it is evident for all the 
samples a trend with stellar mass, with a decreasing per- 
centage of contaminants with increasing mass; this effect 
will be analyzed in the following section. Below we discuss 
separately the contamination in optical and IRAC colors, 
in sSFR, in spectroscopy, and in morphology. 



Blue {U — i?)rcst colors. In Sect. 13.11 we have shown the 
[U — i?)rost-inass diagram for all the samples, proving that, 
given the adopted selection criteria, almost all the selected 
ETGs lie in the red-sequence, with minor tails extending 
in the blue-cloud. As a consequence, the number of outliers 
with clearly blue colors are a minor percentage, typically 
<5% for all criteria (except "morphological" and "UVJ" 
ETGs) both at low and high redshift; moreover, as can be 
inferred by Tab. [21 this small fraction of blue outliers have 
relatively red colors, very close to the considered separa- 
tion between red-sequence and blue-cloud. On the contrary, 
"morphological" ETGs display a substantial percentage of 
galaxies ~ ~ 20 — 80% depending on the redshift range and 
on the mass regime - with a median (U — -B)rcst color bluer 
with respect to the contaminants present in the other sam- 
ples. This fact testifies that even if it exists a correlation 
between photometric properties and morphology of passive 
galaxies, this is not a one-to-one correlation, and a con- 
siderable number of blue elliptical s coexist with their more 
standard red counterparts (see also lTasca et al.l . l2009fl . Also 
the "UVJ" ETC sample present a significant contamina- 
tion, ~30-10% depending on the redshift range and on the 
mass regime; t his is probably due to the fact that the color 
cuts defined bv lWilliams et al.l (|2009[ ) do not seem to repro- 
duce well the observed bimodality in the UVJ diagram (as 
it can be seen by Fig. [3]), with in particular evident tails in 
the blue part of the {U — V)rcst histogram. However, the me- 
dian color of the contaminant is, as in most of the previous 
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Fig. 10. Median log(sSFR/Gyr ^) (upper panel) and rela- 
tive percentage (lower panel) as a function of stellar mass 
of galaxies with high sSFR, i.e. log(sSFR/Gyr-i) > -2, 
for the different selection criteria (In violet the "morpho- 
logical" ETGs, in blue the "UVJ" ETGs, in cyan the "red- 
sequence" ETGs, in yellow the "sSFR" ETGs, in orange the 
"photometric SED" ETGs, and in green the "pure passive" 
ETGs). The errorbars represent the error on the median. 



cases, very close to the adopted definition of red-sequence. 
All these data are reported in Tab. [5] and shown in Fig. [S] 

Non passive UVJ colors. For the UVJ color-color di- 
agram, we considered a contaminant a galaxy with (U — 
y)rest and (V — J) res t colors outside the region defined by 
IWilliams et al.l (|2009t). Therefore we just estimated the per- 
centage of these galaxies for each selection criterion, and 
refer to Sect. l3.1l for the discussion about where those con- 
taminants lie in the UVJ color-color diagram. 

This analysis confirms the results just discussed for the 
color-mass diagram: the "sSFR", "photometric SED" and 
"pure passive" ETGs fit almost perfectly to the passive 
region in the UVJ diagram, with a percentage of con- 
taminants always below 20% at low redshift and below 
5% at high redshift. The percentage of contaminants is 
slightly higher for the "red-sequence sample", around 10- 
30 %, and this fact d emonstrate that also the cut defined 
bv iPeng et al.l (|2010l ) in the (U — i3)rest is not optimal in 
dividing passive and star-forming galaxies. As in the pre- 
vious analysis, the "morphological" ETGs are the sample 
with the highest contamination in UVJ colors, around 20- 
80% depending on the redshift and mass ranges. 

High sSFR. Considering the specific star formation rates, 
the "morphological" ETGs are the sample with the most 
extended tails (^30-90%), with median values up to 
log(sSFR/Gyr~^) ^ —0.5, corresponding to a star forma- 
tion activity ~30 times higher with respect to the adopted 



Fig. 11. Median EWo (Ha) (upper panel; EWo([OII]) if z > 
0.5) and relative percentage (lower panel) as a function of 
stellar mass of galaxies with significant emission lines, i.e. 
EWo(Ha) > 5 A (if < 0.5) and EWo([OII]) > 5 A (if 
z > 0.5), for the different selection criteria (In violet the 
"morphological" ETGs, in blue the "UVJ" ETGs, in cyan 
the "red-sequence" ETGs, in yellow the "sSFR" ETGs, in 
orange the "photometric SED" ETGs, and in green the 
"pure passive" ETGs). The errorbars represent the error on 
the median. By convention, the emission lines are quoted 
with negative values. 

definition of quiescent (i.e. log(sSFR/Gyr^^) < —2). Both 
"UVJ" and "red-sequence" samples represent an interme- 
diate case, with a median log(sSFR/Gyr~^) ^ —1.5/ — 1.7 
for the contaminants (~3 times more star formation ac- 
tivity than the assumed quiescent limit), and a percentage 
of contamination '^20-65%, depending on the mass range. 
The less biased sample (the "sSFR" sample is by definition 
not biased with respect to this parameter) are the "photo- 
metric SED" and the "pure passive" ETGs samples, having 
median values of sSFR much closer to the quiescent limit, 
and percentage of contamination in most cases <15%. All 
these data are reported in Tab. [2] and shown in Fig. (TU] 

Non passive IRAC colors. The study of the IRAC col- 
ors allows a clearer estimate of the presence of star-forming 
contaminants, since these bands were not directly used to 
define ETGs samples (they were used in the "photometric 
SED" ETGs, but together with all the other photometric 
bands for the best-fit to the SEDs). We considered as a 
contaminant a galaxy falling outside the "early-type IRAC 
selection" defined in Sect. 13. ll Therefore, since it is possible 
for such galaxy to have a redder S's.s/S'a.e color, or a redder 
'S'8.o/'S'4.5 color, or both, as for the UVJ case we just esti- 
mated the percentage of these galaxies for each selection 
criterion, and refer to Sect. 13.11 for the discussion about 
where those contaminants lie in the IRAC color-color dia- 
gram. 
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The "morphological" ETGs are the sample with the 
higher percentage of contamination, '--^20-75% as a func- 
tion of mass independently of the redshift range. Similarly 
to the case of the sSFR, the "UVJ" and the "red-sequence" 
ETGs result to be more biased, with ~25-55% (depending 
on the mass range) of the sample not classified as early-type 
for the IRAC color-color criterion at z < 0.5 and ~10-50% 
at z > 0.5. Apart from the "pure passive" sample, with a 
contamination of ^ 5 — 25% at low redshift and of ~ 2—40% 
at high redshift (from the lowest to the highest masses) , the 
purest samples are the "sSFR" and the "photometric SED" 
ETGs (- 10 - 45% at low redshift and - 3 - 45% at high 
redshift). 



Presence of emission lines. We have estimated the me- 
dian equivalent width of Ha at z < 0.5, and [Oil] at z > 0.5 
for the galaxies with significant emission lines (i.e. >5 A) 
in each sample, and the results are reported in Tab [5] and 
shown in Fig. 1111 The sample with the strongest emission 
lines is the "morphological" ETGs, with median equivalent 
widths up to ~30 A and with a percentage of contamination 
going from 60-70% to 35%, depending on the mass range. 
The "UVJ" and the "red-sequence" samples show a simi- 
lar and smaller contamination both in percentage (~ 40%) 
and median value (~15-10 A). The less contaminated sam- 
ples are the "sSFR" and the "photometric SED" ETGs: the 
percentage of galaxies with emission lines >5 A is ^30% at 
low redshift and slightly smaller (^^20%) at higher redshift, 
with median values closer to the adopted cut (^^8-10 A). 

Many works have already shown the presence of emis- 
sion lines in ETGs spectra. However, given their line 
ratios, these are usually classified as LINERS (Low - 
lonization Nuclear Emission-line Regions, Heckman,1980'), 
or with a L I NER- li ke emission (e.g . seefhillips et al....l98' 



Yan et all . l2006t lAnnibah et ail 1201(1 



Yan fc BlantoL^ . 

2012f ). As summarized bv lAnnibali et al.l ( 201 Of ), the most 



probable mechanisms proposed to produce such lines are a 
low accretion-rate AGN, fast shocks, or photoionization by 
old post-asymptotic giant branch (PAGE ) stars. More re- 
cent studies favor the last option (see also I Yan fc Blantonl . 
I2012D . It is beyond the aim of this paper to analyze in de- 
tail the source of ionization in ETGs; what we wanted to 
stress here is that in this population of galaxies weak emis- 
sion lines do not necessarily trace star formation activity, 
especially if the sSFR as found from the SED-fitting does 
not confirm a significant star formation. On the other hand, 
the stronger emission lines found in "morphological" ETGs 
should actually trace a star formation activity, as confirmed 
by the ratio with the other significant emission lines (H/3, 
[NII]A6583, [OII]A5007). 



Non-elliptical morphology. The median morphology 
estimated for the galaxies not matching an elliptical tem- 
plate is equal to a ZEST type = 2.1, corresponding to a 
bulge-dominated spiral galaxy, in all samples. This means 
that for all ETGs samples the tail of morphologies is not 
extended toward very late-type templates. However, all the 
samples show a high percentage of contamination due to 
non elliptical galaxies, with percentages going from ^60% 
at low masses to ~25-30% at high masses, the less biased 
sample being the "pure passive" one. 



This evidence is a confirmation that the color trans- 
formation and the morphological transformation from late- 
type to early-type galaxies are not concomitant processes, 
but the quenching of the star formation activity precedes 
the change in morphology. 

4.2. Contamination as a function of mass 

The analysis of the different properties of ETGs has pointed 
out a clearly evident dependence of the contamination on 
the stellar mass. Looking at Tab. [5] it is possible to see 
that the percentage of contamination in almost all the an- 
alyzed properties decreases from log(A4/7Wo) < 10.25 to 
logiM/Me) > 10.75 by a factor -2-3. Figures El [13 and 
[TT] highlight also a mass dependence of the absolute value 
of the properties of the contaminants in all samples: for ex- 
ample the colors of contaminants are redder by ~10-30% 
at high masses than at low masses, and closer to the red- 
sequence. This trend can be found also in sSFR and equiva- 
lent widths of emission lines, with the lower mass bin having 
a star formation activity —10% higher and emission lines 
—5 A larger than the high mass bin for all the samples 
considered, both at high and at low redshift. 

From this analysis we found that, irrespectively of the 
adopted ETG selection criterion, an additional stellar mass 
cut provides a purer sample in terms of star-forming con- 
taminants. 



4.3. Contamination as a function of selection criteria 

There are different ways to quantify which is the best 
method to select early- type galaxies: on one hand it is possi- 
ble to ask which is the criterion least biased by the presence 
of star-forming outliers, independently of how much infor- 
mation is used; on the other hand, at a fixed percentage of 
contamination, it is possible to ask which is the most eco- 
nomic criterion in terms of information used. The first will 
privilege the purity of the sample, but has the drawback of 
requiring a large amount of data to be used; the second, on 
the contrary, will be necessarily more contaminated, but 
also of greatest interest in many surveys where, due to a 
low spectral resolution or to a limited wavelength coverage, 
less data are available. 

Needless to say, the purest sample is the one based on 
the combined selection criterion, since the use of photo- 
metric, spectroscopic and morphological information helps 
to minimize the presence of blue, star-forming galax- 
ies. It provides red and passive galaxies with a color 
contamination, also in the IRAC colors, <10% for stel- 
lar masses log(7W/A^0) > 10.25, both at low and high- 
redshifts. The specific star formation of the outliers (^10% 
for \og{M/MQ) > 10.25) is only -20% higher than the 
chosen "early- type" cut, and the contaminants equivalent 
widths of emission lines, both [OH] and Ha are smaller than 
-10 A. 

Apart from this criterion, all the others, except the 
morphological criterion, are equivalent in terms of require- 
ments, since they all require a best fit to the observed 
SED to obtain stellar masses, SFRs and/or restframe colors 
needed to perform the selection. Among them, the best- 
performing criteria have proven to be the "photometric 
SED" and the "sSFR" ones. The analysis of Tab. H and 
Figs. [H Uni and [TT] shows that they have the minimum 
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Table 2. Contamination of the different ETGs samples as a function of stellar mass and redshift. The table reports the 
median values of colors, sSFR, equivalent widths and morphology for the galaxies having blue colors, high specific star 
formation rates, significant emission lines and late-type morphologies as defined in Sect. 231 and the percentage relative 
to each subsample. The low-mass bin refers to \og{M / AAq) < 10.25, the med-mass bin to 10.25 < \og{A4/MQ) < 10.75, 
and the high-mass bin to \og{A4/MQ) > 10.75. As defined in the text, the emission lines reported are the median 
restframe equivalent widths (in units of [A]) of Ha for z < 0.5 and of [Oil] for z > 0.5; by convention, the emission lines 
are quoted with negative values. 



percentage of contamination in both optical colors (^5%), 
IRAC colors (<15%), spectroscopic features (< 30%) and 
sSFR (<15%). The percentage of contamination is slightly 
higher than the "pure passive" criterion, on average by 
a factor of ^2, but the absolute values of the properties 
of contaminants are still compatible with a red, passively 
evolving population. 



4.4. Number density 

For all the ETGs samples, we estimated the galaxy 
stellar mass funct ions us i ng t he non-parametric 
l/Vmax formalism (jSchmidtl . 119681 ). from which we 
derived the number density (pn) in three mass bins, 
log(A4/Xo) = 10.25 - 10.75, 10.75 - 11, 11 - 11.5. The 
redshift evolution of the galaxy number density is shown 
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Fig. 12. Redshift evolution of the galaxy number density, derived using l/Vmax, for three different mass ranges: 
10.25 < log(7W/X0) < 10.75 (left panel), 10.75 < log(>1/A4Q) < 11 (central panel) and log(7W/A^0) > 11 (right 
panel). The different colors represent different selection criteria (violet for the "morphological" ETGs, blue for the 
"UVJ" ETGs, cyan for the "red-sequence" ETGs, yellow for the "sSFR" ETGs, orange for the "photometric SED" 
ETGs, and green for the "pure passive" ETGs). The lines represent the fit to the observed log(pN(z)) relation. The open 
points represent the lower limits where the survey is not complete. 



in Fig. 1121 As a comparison, we reported also the number 
density in the same mass range for the parent zCOSMOS- 
20k sample. Each relation has been fitted using a weighted 
linear least square minimization, considering only the 
redshift bins in which the data are complete. The trends 
are similar for the differently selected ETGs, even if the 
normalization is different. 

In the lower stellar mass bin, we find a pronounced evo- 
lution, with an increase in number densities by a factor 
~ 2 — 4 between z ~ 0.65 and z ^ 0.2. At stellar masses 
10.75 < log(7M/A^0) < 11 we still find a noticeable evolu- 
tion, with an increase by a factor ^2-3 between z ^ 0.85 
and z ~ 0.2. At higher masses, 11 < \og{M/MQ) < 11.5, 
the evolution is much less pronounced, with a percentage 
increase in number density of ^10-50% in the entire redshift 
range. 

The stronger increase in the number density of 
low/intermediate-masses ETGs with respect to mas- 
sive ETGs is a clear i n dicatio n of mass-a ss embly 
downsizing (iFontana et al. . 20041 iDrorv et al.l . 12005 



aownsizmg (ii'ontana et ai.l. Izuu4t lurory et al.l. UUUc 
Bundv et al. 1. 120061: ICimatti et al.'. '20061: Tho mas et al 



2010; Pozzc tti et al.L r2010: Moresco et al., 2010), with more 
massive galaxies having assembled their mass at higher red- 
shifts and being already in place at z 1. This result 



of this analys i s is in agreement with many other works: 
IScarlata et all (|2007[) studying ETGs in the COSMOS field 
found no traces of significant evolution in the number den- 
sity of bright L > 2.5L*) ETGs, with a maximum 
increase of ~30% from z ~ 0.7 to z when allowing 
for different star for mation histories and cosmic variance; 
'Po zzetti et al.l (|201Q) found an almost negligible evolution 
in the number density of quiescent galaxies in zCOSMOS- 
10k sample, < 0.1 dex betw een z = 0.85 and z = 0.25 
for logiM/Me) > 11 - 11.5; lllbert et all ((20T1 from the 
analysis of the UltraVISTA-DRl sample found that mas- 
sive galaxy (log(A^/A^0) > 11.2) do not show any signifi- 
cant evolution between 0.8 < z < 1.1 and 0.2 < z < 0.5, 
while low-mass ones (logj Ai/ Aip,) ^ 9.5) increas e in num- 
ber density by a factor >5. lBrammer et all (j201lf ) analyzed 
the number density of quiescent galaxies at 0.4 < z < 2.2 
using the NEWFIRM Medium-Band Survey, and found 
a strong evolution of log(A^/A^0) > 10.5 galaxies, a fac- 
tor ~ 10 from z ~ 2 to z ~ 0; however, this evolu- 
tion becomes smaller and comparable with the errorbars at 
high masses between z ~ 1 and z ^ 0.6, only '^20% for 
logiM/Me) > 11 (--10% for 10.6 < log(X/ A^0) < 11) 
therefore being compatible with our results. . Maraston et al.l 
(|2012t ). studying the stellar mass function of BOSS galaxies. 
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find that the galaxy number density above ^ 2.5 IO-'^^Mq 
agrees with previous measurements within 2 sigma, with no 
evolut ion detected from z '-^ 0.6. Finally, ,Moustak as et al.l 
((20l2) measured the evolution of the stellar mass func- 
tion from the PRism MUlti-object Survey, and confirmed 
an evolution by a factor of 3.2 ± 0.5 from z = 0.4 to 
z = for stellar masses 9.5 < log(A^/A^0) < 10, by a fac- 
tor of 2.2 ± 0.4 from z = 0.6 to z = for stellar masses 
10 < log{M/MQ) < 10.5, and only - 58% ±9% for stellar 
masses 10.5 < log(A^/A^0) < 11. 

It is interesting also the comparison, at fixed mass, of 
the number density of the differently selected ETGs, since 
it sheds some lights on the time-scales characteristic of dif- 
ferent processes. At masses log{M/ Mq) < 11 we find that 
the number densities of the various samples are well sep- 
arated, with the highest normalization for color-selected 
ETGs, intermediate for the sSFR/photometric SED se- 
lected ETGs, and the lowest for the morphologically se- 
lected ETGs: this may suggest a scenario for which at these 
masses the first transition and ETGs experience is a color 
transformation from blue to red, then the star formation is 
completely quenched, and finally the morphological trans- 
formation takes place. 

This pictu re is confirmed also by the work of 

iPozzetti et al.l (j2010[ ). which quantified the timescale of 
the delay between color and morphological transformation 
to be around 1-2 Gyr. Anot her confirma t ion fo r this sce- 
nario comes from the work of lllbert et al.l (120101 ) , who find 
that the stellar mass density of quiescent galaxies is always 
higher than the one of red elliptical galaxies. Obviously 
the quantitative estimate of the delay between these pro- 
cesses depends also on the adopted cuts to select ETGs, 
since e.g. a lower/higher cut in sSFR will shift the relation 
lower/higher. 



diagram: 

M 

{U ~ B),est > 1.15 + 0.075 X ^og( ^Qio_y^^ ) - 0.18 x z 

and for the {U — V^)rost-(^ — '^)rcst diagram 
(U - V),,st > 1.6 

{V - JUst > 1.6 [0 < z < 0.5] 

{U - VUst > 0.88 * {V - J),est + 0.69 

(U - V),,st > 1.5 

(1^- J)rcst > 1.6 [0.5<Z<1] 

{U - V)rcst > 0.88 *{V -J) 

rest 

+ 0.66 

The empty colored histograms in Figs. [T3l and [T4l show the 
distribution of the contaminants with the old definitions, 
while the shaded colored histograms show the distribution 
of the contaminants obtained with the new definitions just 
reported. It is evident how these new color selection criteria 
help to cut significantly the contaminants with blue colors. 

We checked that these new selection criteria provide 
purer ETG samples than the previous ones. The new 
"UVJ" sample does not present anymore significant blue 
tails in the color-mass diagram, having a contamination 
compatible with all the other samples; as well the percent- 
age of contamination of the new "red-sequence" sample in 
the UVJ color-color diagram is reduced from 20-40% to 15- 
25% at low redshift and from 20-40% to 10-15% at high 
redshift. Even if reduced, however also with these new def- 
initions the contamination in terms of sSFR and presence 
of emission lines is still higher than the "sSFR" , "photo- 
metric SED" , and "pure passive" criteria, which continue 
to behave better than the color criteria in selecting a purer 
sample of ETGs. 



4.5. Revising the color selection criteria 

In Sect. 13.11 and 14.11 we have presented and discussed the 
fact that the "red-sequence" and the "UVJ" are the samples 
with an higher contamination, clearly evident also by a vi- 
sual inspection of the color-mass and color-color diagrams. 
However, we have also argued that this higher contamina- 
tion may be due to the fact that the proposed cut may be 
not optimal, at least for the zCOSMOS-20k survey. 

To address this issue, we decided to study how the col- 
ors of the contaminants (as defined in Sect. 14. ip for these 
two criteria are distributed in the {U — i3)rost color-mass 
and UVJ color-color diagrams respectively, to understand 
if an additional cut is able to further reduce the contami- 
nation. In Fig. [T3] we show the {U — i3)rcst-mass diagram 
for the "red-sequence" ETGs (in gray) , highlighting in cyan 
the galaxies presenting a sSFR or emission lines in excess 
with respect to the "passive" cuts defined (i.e. the con- 
taminants) ; Fig [13] shows the same as Fig. [T31 but for the 
{U — V')rcst-(V^ — >/)rost diagram and for the case of the 
"UVJ" ETGs. From these plots it is evident that statisti- 
cally the contaminants have bluer colors, and therefore that 
a refined cut may help to reduce the contamination. In par- 
ticular from Fig. [T3] it is clear that there are specific ranges 
of colors (1.3 < {U — V)rest < 1.5) where the contaminants 
represent the 100% of the distribution. 

We therefore defined two revised color selection crite- 
ria, with slightly redder colors. For the {U — i?)rcst-inass 



5. Summary and conclusions 

We have studied the photometric, spectroscopic and mor- 
phological properties of 6 differently selected samples of 
ETGs, to analyze their contamination in terms of blue/star- 
forming/non-passive galaxies. From the zCOSMOS-20k 
spectroscopic catalog, we extracted a sample based on mor- 
phology (2421 "morphological" early- type galaxies), on op- 
tical colors (4894 "red-sequence" and 4886 "UVJ" early- 
type galaxies), on specific star formation rate (2937 "sSFR" 
early- type galaxies), on a best-fit to the observed SED 
(2603 "photometric SED" early- type galaxies), and on a 
criterion which combines morphological, spectroscopic and 
photometric information (1530 "pure passive" early- type 
galaxies). 

We estimated for all the samples, the {U — i3)i.ost-stellar 
mass diagram, t he IRAC color-color plot as defined by 
iLacv et all (120041 ) . the sSFR-EWo([OII]/Ha) diagram, and 
the morphological types. We have also evaluated the me- 
dian stacked spectra of these samples, to search in detail for 
the presence of peculiar spectroscopic features which may 
be a proxy of star formation activity. 

To quantify the contamination of the various samples, 
for each property we defined an "early-type" cut and stud- 
ied the percentage of galaxies not fulfilling this cut, as well 
as the median value of the parameters (color, sSFR, EWo 
of emission lines) involved in each selection: in this way 
we were able to study also how much these contaminants 
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Fig. 13. {U — i?)rest-inass diagram. In grey is shown the 
origin al (?7 — S) rest -mass criterion as defined bv lPeng et alJ 
(|2ni 0^. and in cyan are highlighted the galaxies present- 
ing a sSFR or emission lines in excess with respect to the 
"passive" cuts. The empty cyan histograms show the distri- 
bution of the contaminants with the old definitions, while 
the shaded cyan histograms the distribution of the contam- 
inants with the new selection criterion as defined in section 
14.51 The upper plot shows the diagram obtained for z < 0.5, 
and the lower plot for z > 0.5. 



Fig. 14. {U — V^)rcst-(^ — >/)rGst diagram. I n grey is shown 
the or iginal UVJ criterion, as defined by IWilliams et al.l 
(|2009[ ). and in blue are highlighted the galaxies present- 
ing a sSFR or emission lines in excess with respect to the 
"passive" cuts. The empty blue histograms show the distri- 
bution of the contaminants with the old definitions, while 
the shaded blue histograms the distribution of the contam- 
inants with the new selection criterion as defined in section 
14.51 The upper plot shows the diagram obtained for z < 0.5, 
and the lower plot for z > 0.5. 



are close to or far from the assumed "early-type" defini- 
tion. All these analyses were performed in two redshift 
bins {z < 0.5 and z > 0.5) and three stellar mass bins 
(log(7W/7W0) < 10.25, 10.25 < logiM/Me) < 10.75, and 
log(A^/7W0) > 10.75). 

Our main results are listed below: 

— We find that all samples display tails in the star-forming 
regions of different diagrams, irrespectively of the sever- 
ity of the criterion adopted. This contamination has 
been shown to be dependent on the stellar mass for all 
the samples, with more massive samples being less bi- 
ased than low massive ones. This fact demonstrates that 
a cut in stellar mass is helpful to improve the purity of 
the sample. 

— The comparison between the different selection criteria 
shows that the best performing is the one based on a 
combined selection, since it takes into account all the 
available information about the galaxies (morphologi- 



cal, spectroscopic and photometric), with the obvious 
disadvantage of being highly demanding in terms of the 
data needed. For this sample, we find that the con- 
tamination is minimized, especially for stellar masses 
logiM/Me) > 10.25: <10% for both optical and IRAC 
colors, ^10% in sSFR and with weak emission lines 
equivalent widths for the contaminants (^10 A). 

— The "morphological" criterion is the one with the larger 
contamination, and a high percentage of blue, emission- 
lines, star-forming elliptical galaxies has been found in 
this sample (~20-70%, depending on the mass range). 
Among the other selection criteria, we identify the 
"photometric SED" and the "sSFR" to be the best 
ones, since they trade a slight increase in contamination 
(about a factor 2) with the fact that they are extremely 
economic in terms of information required. 

— The slope of the number density as a function of 
redshift at fixed mass for the various samples is 
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similar: we found an increase in number density 
in the mass range 10.25 < \og{M/ Mq) < 10.75 from 
z = 0.65 to 2 = 0.2 by a factor ^2-4, in the 
mass range 10.75 < log(A^/7Wo) < 11 from z = 1 to 
z = 0.2 by a factor ^2-3, while for massive ETGs 
11 < log(A^/A40) < 11.5 this increase from z = 1 to 
z = 0.2 is only ~10-50% (and <10% between z = 1 and 
z = 0.4). This trend in mass confirms that most massive 
ETGs are already in place at 2 ~ 1. The comparison of 
the different number densities supports a scenario for 
which in ETGs we have first the color transformation 
from blue to red, followed by the quenching of the star 
formation, and concluded by the morphological trans- 
formation from late- type to ellipticals. 
— By analyzing the color-mass and color-color diagrams, 
we proposed two revised selection criteria, which help to 
reduce the contamination by blue star-forming galaxies. 

Selecting a sample of ETGs the less contaminated as 
possible by star-forming objects is crucial for an unbiased 
study of the properties of this population of galaxies. The 
analysis presented in this paper provides a first detailed 
comparison of the contamination obtained with different 
ETG selection criteria, and represents an important step 
forward the identification of the best ways of selecting 
ETGs. This will be fundamental especially for the new and 
upcoming surveys such as BOSS f Schlegel et all . [2009h and 
Euclid (jLaureijs et al., 2011) that will provide the scientific 
community an unprecedented statistic of these objects, in 
particular at high redshift. From this point of view, this 
work represents the starting point to study and develop 
optimized ETG selection criteria also at z > 1, to be ap- 
plied e.g. to Euclid simulations. 

In a forthcoming paper we aim to study how much the 
different selections presented here affect the study of the 
evolution of early-type galaxies. 
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